Abstract. Resonant interactions between neutrinos from a Galactic supernova and dark matter particles can lead to a sharp dip in the neutrino energy spectrum. Due to its excellent energy resolution, measurement of this effect with the JUNO experiment can provide evidence for such couplings. We discuss how JUNO may confirm or further constrain a model where scalar dark matter couples to active neutrinos and another fermion.
Introduction
The nature of dark matter (DM) and the origin of neutrino masses both point to physics beyond the Standard Model (SM). Neutrinos are known to have interactions other than gravitational, while many models contain a coupling between DM and SM particles in order to explain the production mechanism in the early Universe. Both particles are elusive, dark matter has so far completely evaded detection while neutrinos are so weakly interacting they are very difficult to study. Because of this we are somewhat free to postulate the nature of their interactions and in this theme there are many works in the literature coupling dark matter with neutrinos, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] being just a relevant subset of a huge number of works.
Core-collapse supernova (SN) explosions, being abundant sources of neutrinos which have to pass through our galaxy before arriving on Earth, can provide information about DM-neutrino interactions. We expect at least a few Galactic supernovae per century [16] , and large neutrino detectors should obtain high-statistics data of the supernova neutrino spectrum when the next explosion occurs [17] [18] [19] [20] [21] .
It was pointed out nearly 40 years ago that absorption of ultra-high-energy neutrinos (E ν > 10 21 eV) on cosmic relic neutrinos would lead to a dip on the spectrum at energies corresponding to formation of Z bosons [22] [23] [24] [25] [26] . Similarly, in models with additional light Z gauge bosons coupled to neutrinos, the same feature could be obtained for lower energy neutrinos such as those produced in supernovae [27, 28] . The flux of high-energy neutrinos could also be distorted by interactions with ultralight scalar dark matter [29] .
Our framework is inspired by the work of Farzan and Palomares-Ruiz in which the coupling of neutrinos with dark matter gives rise to a dip in the diffuse supernova neutrino background [30] . When propagating cosmological distances, the redshift of neutrinos becomes important and leads to a broadened dip. Here we consider the same model and analyse the effects of such coupling on the flux of neutrinos from a Galactic supernova. Given the narrowness of the absorption feature, we consider the future JUNO detector, designed to have excellent energy resolution.
The outline of this paper is as follows. In Section 2 we describe the model and different constraints on its parameters. In section 3 we discuss the distortion of the energy spectrum of supernova neutrinos due to their interactions with dark matter particles. In Section 4 we consider the detection of these neutrinos by JUNO. We examine our results in Section 5 and summarise our findings in Section 6.
Dark matter interactions with neutrinos
In this model the neutrino vacuum mass eigenstates, ν i (i = 1, 2, 3), couple to a new scalar φ and a new fermion N via
where g i = α U αi g α . The lightest of the particles φ and N is a DM candidate if the complete Lagrangian is invariant under a Z 2 symmetry. Depending on the proprieties of φ and N we can identify different scenarios: φ can be real or complex, N can be of Dirac or Majorana type and m φ < m N or m N < m φ . As discussed in [30] the case with real scalar DM φ and pseudo-Dirac 1 N is the only one for which couplings g ∼ O(0.1) can produce the observed relic density of DM. For the other cases g O(0.1), and the dip would not be detectable. The coupling (2.1) introduces new decay modes for charged mesons, for instance K + → e + + (missing energy). Strong constraints on the coupling constants have been obtained, |g e | 2 , |g µ | 2 10 −5 [32] . Since the least constrained coupling is g τ < 1, we assume g e = g µ = 0 and g τ = 0, which implies that g i = U τ i g τ .
An interaction between dark matter and neutrinos can impact the evolution of primordial matter fluctuations [33] [34] [35] . Using cosmological data from Planck and the Lyman-α forest, the DM-neutrino elastic scattering cross section has an upper bound of
if the cross section is constant and
if it scales as the temperature squared, with T 0 = 2.35 × 10 −4 eV the temperature of the Universe today [36] . For the interaction considered in this work and the parameters we are using, the elastic scattering cross section is much lower than these two limits [35] . Dark matter in thermal equilibrium with neutrinos can increase the number of relativistic degrees of freedom, N eff , in the early Universe if the DM particles annihilate into neutrinos after its decoupling from electrons at T dec ∼ 2.3 MeV. A larger N eff increases the expansion rate of the Universe, affecting the production of light elements during big bang nucleosynthesis (BBN) and erasing fluctuations on small scales [37] .
The relatively strong interactions between dark matter and neutrinos would maintain them in thermal equilibrium with each other out to radii where the temperature is low enough for the DM abundance to be suppressed. Hence dark matter particles do not carry away significant quantities of energy [38] . Because here dark matter does not couple to nucleons we do not expect a significant impact on supernovae cooling and the constraint in [39] is avoided.
Distortion of supernova neutrinos energy spectrum
Neutrinos produced in a supernova interact with dark matter particles on their way to Earth. Here we neglect the non-resonant t-channel process and only consider the dominant s-channel in the total cross section, see figure 1 . When the center-of-mass energy of the DM-neutrino system is equal to the mass of the new fermion N there is a resonant absorption, leading to a dip in the flux of neutrinos [30] . The resonance energy in the laboratory frame is
where DM particles are considered to be at rest. An incoming neutrino with energy E ν joins a DM particle to form an intermediate N particle, which subsequently decays back into a DM particle plus a neutrino with energy E ν given by
where θ is the emission angle of the neutrino with respect to its the incoming direction. Close to the resonance energy, the differential cross section of
where Γ N is the decay width of the fermion N and s = 2m DM E ν + m 2 DM is the square of the center-of-mass energy. It follows that the total cross section is
If N decays predominantly into φν, its decay width is
As the neutrinos propagate through the DM halo, the processes ν i φ → N → ν j φ may result in regeneration (i = j) and flipping (i = j) of mass eigenstates. We can describe the Table 1 . Parameters for the supernova neutrino energy fluxes considered in our calculations, see equation (3.8) . The luminosities for all flavours are set as L νe = Lν e = L νx = 5 × 10 52 ergs. The distance to the supernova is d SN and the angular position is given in galactic coordinates.
evolution of the flux as
The first term on the right-hand side accounts for the effects of absorption (ν i φ → N ), while the second term stands for the regeneration and flipping (N → ν j φ).
In principle we should solve a system of three coupled versions of equation (3.6), one for each mass eigenstate ν i . However, the mean free path of a SN neutrino in the Galactic halo is similar to the SN-Earth distance, λ ν ∼ d SN , and the suppression of the flux occurs in the same region of the spectra throughout the propagation because we are not considering evolution of the neutrinos through high redshifts. We then approximate the solution by first calculating the suppression of the flux as
After that we redistribute the flux of absorbed neutrinos,
, with energies in the range given in (3.2) with a probability proportional to 1 + cosθ, see equation (3.3) .
The flux of neutrinos of a given flavour from a typical SN is parameterised as 8) whereĒ is the average energy and β a numerical parameter. We assumeĒ νe = 10 MeV, Eν e = 12 MeV,Ē νx = 15 MeV; β νe = 3, βν e = 3, β νx = 2.4; L νe = Lν e = L νx = 5 × 10 52 ergs, where x = µ, τ for neutrinos and antineutrinos. We use the Einsasto profile to describe the density of dark matter in the Galactic halo:
with α = 0.15 and R 0 = 20 kpc [40] . For our results, we assume the supernova occurs at a distance of 10 kpc and, in galactic coordinates, at longitude l = 45 • and latitude b = 0 • , so in the disk but not particularly close to the centre of the Milky Way. Neutrinos from supernovae which occur close to or on the other side of the Galactic centre would experience much more absorption. An important constraint comes from the observation of neutrinos from SN1987A. Since there is a good agreement between the expected and observed neutrino flux and energy spectrum, we assume that those neutrinos were not significantly absorbed by dark matter. For neutrinos emitted from the Large Magellanic Cloud, equations (3.7) and (3.9) give the upper bound σ ij 6.85 × 10
For our parameters, this condition is satisfied except near resonance, producing a dip in the neutrino spectrum.
In the production region within the supernova, flavour eigenstates coincide with the mass eigenstates. For a slowly varying density and matter potential, the transitions between mass eigenstates are suppressed and the fluxes of mass eigenstates are directly related to the flavour fluxes at production:
Supernovae neutrinos propagate without coherence to Earth so oscillations in vacuum are irrelevant [41] . The fluxes of neutrinos in the flavour basis at Earth, apart from the geometrical factor (4πd 2 SN ) −1 , are then given by
with F ν i the mass eigenstates fluxes and U αi the PMNS neutrino mixing matrix. Let us take the electron antineutrinos as an example since the inverse beta decay is the main detection channel on liquid scintillators for the energies typical of supernovae neutrinos. From equation (3.12) we have For the inverted ordering case, the flux of electron antineutrinos will have a hotter spectrum, corresponding to that of the originalν x flavour. Table 1 . We assume m φ = 8 MeV, m N = 20 MeV and g τ = 0.5. Note that despite taking g e = g µ = 0, the electron and muon antineutrinos spectra are distorted due to neutrino mixing. We note that the dip has a width of O(1) MeV, then it is essential to use a detector with excellent energy resolution. JUNO is a future neutrino detector that can accomplish this.
Detection with the JUNO Experiment
JUNO is a 20 kton liquid scintillator detector being built in China which is expected to start data taking in 2020. Its main goal is to determine the neutrino mass ordering from the oscillation pattern of electron antineutrinos generated by two nearby nuclear power plants. The planned energy resolution of 3%/ E [MeV] is one of the features that will allow the experiment to do so with a statistical significance of 3-4 σ within six years of running [42, 43] .
The inverse beta decay channel is the most important one for the detection of supernova neutrinos in liquid scintillator detectors. In this reaction, ν e + p → n + e + , (4.1) the neutrino energy threshold is E th ν = m n − m p + m e ≈ 1.8 MeV. The positron annihilates with an ambient electron into photons with energy E γ = E e + + m e giving rise to a prompt signal. The energy of the interacting antineutrino can be reconstruted from the energy of the photons directly via E ν = E e + + (m n − m p ) ≈ E γ + 0.8 MeV, neglecting the kinetic energy of the outgoing neutron. The neutron is captured by a proton ∼ 200µs later and releases a 2.2 MeV photon. The coincidence of the prompt-delayed signal pair greatly reduces backgrounds. The total cross section for inverse beta decay is
where m p is the proton mass [44] . This approximation is very accurate at low energies (E ν ≤ 60 MeV) thus can be safely used for supernova neutrino analyses [45] . Figure 3 shows the differential number of electron antineutrinos observed in JUNO from a SN with the parameters in Table 1 for normal and inverted orderings assuming m φ = 8 MeV, m N = 20 MeV and g τ = 0.5.
Results
In order to find out if JUNO is sensitive to this interaction, we performed the following analysis. We chose fiducial values for the coupling and the masses of the dark matter and the mediator such that the resonance occurs in the interesting region for supernova neutrinos. In particular we took g τ = 0.5, m φ = 8 MeV and m N = 20 MeV. We then generated events making these assumptions and saw how well we can recover the values that we put into the event generator using the expected detector response for JUNO. We consider inverse beta decay events only and group them in 0.2 MeV bins. The total likelihood of a given set of observed data is given by
where λ i and k i are the expected observed number of events on the bin i, respectively. The goodness of the fit is associated with the probability
where f χ 2 is the pdf of a chi-squared random variable with k degrees of freedom, and L max is the maximum likelihood. These probabilities can be translated into the number of standard deviations from the best fit. Figure 4 shows the goodness of fit for the observed spectrum of neutrinos from a Galactic SN in JUNO fixing g τ = 0.5. The cross represents the fiducial values for the parameters, m φ = 8 MeV and m N = 20 MeV. There is a degeneracy in the reconstruction of the dark matter mass and the mediator fermion mass for those mass combinations which lead to a dip at the same resonance energy with approximately the same width.
In figure 5 we fix m φ = 8 MeV and m N = 20 MeV and vary g τ . There is a 50% uncertainty in the determination of the coupling constant. As can be seen in figure 3 , the resonance energy for these parameters occurs close to the peak of the spectrum in the inverted ordering case, while for the normal ordering situation, the dip occurs where there are fewer neutrinos, explaining the difference between the two curves. The sensitivity to couplings is a result of the excellent energy resolution of the JUNO detector. Improved energy resolution would result in sensitivity to even smaller couplings.
In figure 6 we fix g τ =0.5 and E res =20 MeV for normal ordering and calculate the deviation from the expected flux without DM-neutrino coupling for different dark matter masses. We can see that it is possible to detect the effects of this coupling for DM masses up to around 20 MeV. This lack of sensitivity to high masses is because even though it is always possible to arrange a small mass difference between the dark matter mass and the mediator such that the resonance is in the region of interest, once the mass of the mediator becomes very large, the width of the resonance becomes smaller than the energy resolution of JUNO, meaning the dip become undetectable.
We can compare our results with those of reference [30] where the authors look for absorption features in the diffuse supernova neutrino background. The first thing to say is that the cosmological constraints presented in [37] actually rule out the fiducial parameters chosen in that paper, however we would still expect their method to be sensitive for different masses which are not yet ruled out. They require Hyper-Kamiokande to be built which probably will not take place until at least 2025 and then require a period of data taking which depends strongly upon the final target mass of the experiment. We need JUNO for our analysis which is currently under construction and is due to start taking data possibly as early as 2020. However we also require a galactic supernova, the time schedule for which is a lot more uncertain, although most estimates suggest that we are overdue a nearby explosion.
Conclusions
Very little is known about the nature of dark matter other than the fact that its coupling to quarks, charged leptons and the bosons of the Standard Model must be very small. The same cannot be said of the couplings between dark matter and the neutrinos where many different interactions are still allowed. In this work we have considered the possibility of detecting DMneutrino interactions through their effect upon the spectrum of neutrinos observed during a Galactic supernova. For a simple model where neutrinos couple to scalar dark matter through a new fermionic mediator we have shown that it would be viable to confirm such an interaction with future neutrino detectors.
In particular we have focused on the JUNO detector due to its extremely good energy resolution that enables one to search for the s-channel resonance ( figure 3 ). There is a degeneracy in the reconstruction of the dark matter mass and the mediator fermion mass because p-value Figure 6 . Deviation from the expected flux without DM-neutrino coupling for different dark matter masses assuming g τ =0.5, E res =20 MeV and normal ordering of neutrino masses. This plot shows that for heavier dark matter, this detection strategy will start to become inefficient.
they would lead to a dip at the same resonance energy with about the same width (figure 4). The effect is detectable in JUNO for dark matter masses up to around 20 MeV beyond which the decay width of the dark mediator would become too small for the energy resolution of the JUNO detector, which is envisaged to have the best energy resolution of any upcoming detector.
It would be interesting to look at other models of dark matter-neutrino interactions that might give rise to a similar effect, however, as alluded to in the text and explained in more detail in [30] , it is only in the class of models mentioned here with a pseudo-Dirac mediator and real scalar dark matter that such a large coupling can be compatible with relic abundance. Since a large coupling is required to obtain a detectable dip, other models which could lead to such an effect would be limited. Nevertheless it would be interesting to investigate in more detail a wider set of particle models and the constraints that could be obtained when a supernova goes off in the Milky Way.
